We study the use of photopatternable self-assembled monolayers ͑SAMs͒ as a template for self-localizing patterns of conducting-polymer based transistors. To allow the use of standard SAMs, we studied and optimized the photocatalytic effect of TiO 2 , so that it can render the SAMs photopatternable by direct UV light imaging down to micron scale resolution. The resulting template produces high resolution patterns of conducting polymer without resorting to high resolution inkjet printing. This process is used to demonstrate 2 m channel length organic field effect transistors. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3064158͔
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One of the advantages organic electronics holds over its inorganic silicon-based counterparts is the potential for largearea low-cost fabrication. The main challenge to overcome in order to employ this advantage is to develop suitable patterning techniques, as patterning is the most time and capital consuming process. For example, in a bottom-contact organic field effect transistor ͑FET͒, the deposition of the insulator and semiconducting layers can be achieved rather easily using spin casting or other equivalent methods. However, patterning of the source and drain electrodes is not trivial at all and, although it can be accomplished using standard photolithography, the many subprocesses related to this method make it incompatible with the demand for low-cost fabrication. Many alternative approaches for patterning FETs source and drain electrodes have been developed over the years, spanning from soft lithography 1-3 and printing 4,5 to self-assembly, 6 -8 yet, those methods are still unable to favorably compete with photolithography, as far as simplicity and resolution are concerned. The use of cross-linkable semiconducting polymers is another promising route but it requires specific material design. 9 To decouple the photopatterning from the need for a new material design and optimization, we present a different approach ͑illustrated in Fig. 1͒ , based on the known photocatalytic effect of TiO 2 ͑Refs. 10 and 11͒ and the use of known self-assembled monolayers ͑SAMs͒. We show that photopatterning enables self-localization of the conducting polymer into source and drain electrode patterns with micron scale resolution. We demonstrate the high quality characteristics of a FET fabricated using this approach.
There are two known methods by which TiO 2 can be used to photocatalytically pattern SAMs. In one method the SAM is directly formed on top of the TiO 2 film, resulting in direct degradation of the SAM upon exposure to UV light, 10 while in the second method SAM can be formed on any substrate, and degradation occurs via remote degradation when TiO 2 is brought to close proximity with the SAM ͑Ref. 11͒ ͑for example by pressing the TiO 2 to an already deposited SAM͒. We chose here the first method as it was easier for us to implement but we expect the second to be suitable once optimized. The process for preparing TiO 2 films can be found in Ref. 12 . In short, since we intended the TiO 2 film to also act as a gate insulator, we achieved the required ϳ80 nm thickness using two step deposition with an intermediate baking of 10 min at 90°C. The films were spin coated on highly doped silicon wafers, followed by calcination for 1 h at 450°C.
SAMs were formed on the TiO 2 -covered substrates by dipping the samples in a 0.5 mM solution of 1H ,1H ,2H ,2H-perfluorododecyltrichlorosilane ͑FDDTS͒ ͑SynQuest laboratories͒ dissolved in 1,1,2-trichlorotrifluorethane ͑Merck͒. Since a high quality SAM is essential for inducing a complete self-localization into desired patterns, we performed advancing and receding contact angle measurements; the results of which are summarized in Table I . The high hydrophobicity and small hysteresis between advancing and receding contact angles evidently show that a uniform closely packed SAM was formed.
The last step in producing the desired template of the transistor pattern is irradiation of the SAM through a mask, followed by cleaning with acetone, methanol, and isopropanol. Once the template is formed, the rest of the solution 
FIG. 1. ͑Color online͒ A schematic of the suggested process for fabrication of polymer-based FETs. ͑a͒ SAM is formed over TiO 2 thin film. ͑b͒ Irradiation through mask, leading to degradation of the monolayer at irradiated areas ͑c͒. ͑d͒ The FET contacts are formed by self-localization of waterbased conducting polymer ͑such as PEDOT͒ at the irradiated areas and the final step would be the deposition of a semiconducting polymer ͑such as P3HT͒.
deposition can be done through "zero" resolution techniques and high quality inkjet printing is not required. The source and drain electrodes were formed by spin coating a PEDOT solution ͑Baytron F HC͒ and the devices were completed by spin coating a 10 mg/ml solution of poly͑3-hexylthiophene͒ ͑P3HT͒ ͑Rieke͒ dissolved in chloroform. As TiO 2 is known to be superhydrophilic, wetting with aqueous solution ͑such as PEDOT solution͒ results in self-localization of the solution within the exposed domains and the quality of the resulting solution pattern can serve as a direct indication of the SAM photopattern quality. Figure 2 presents optical microscope pictures of samples after PEDOT spin coating. In Figs. 2͑a͒ and 2͑b͒ the PEDOT is clearly seen to localize into the predetermined areas, thus creating the source and drain electrodes with channel lengths down to 2 m.
To arrive at these high quality micron scale resolution patterns, the photocatalytic effect of TiO 2 had to be studied and optimized. Titanium dioxide was shown to be able to induce, upon irradiation with UV light, the destruction of organic materials in water and air. 10, 11, 13 The photocatalytic degradation of organic materials in the presence of TiO 2 begins with the absorption of UV photons by TiO 2 , which generates electron-hole pairs that migrate to, and across, the TiO 2 surface. On the TiO 2 surface, holes may be trapped by adsorbed H 2 O or OH − , thus forming highly reactive hydroxyl radicals. Reaction with these reactive hydroxyl radicals is believed to be the main mechanism for the degradation of organic materials. 14 The above indicates that the photocatalytic response of TiO 2 depends, at large, on the humidity conditions during UV exposure. Namely, in the absence of humidity, the pattern would not form and high humidity would destroy the pattern. The patterns shown in Figs. 2͑a͒ and 2͑b͒ are the outcome of such a process under optimized conditions of ϳ40% relative humidity ͑RH͒ at 21°C. Figure 2͑c͒ shows how too high humidity ͑50% RH͒ results in remote degradation of nonirradiated areas, leading to PEDOT overcoverage. Figure 2͑d͒ shows that too low humidity ͑17% RH͒ results in insufficient degradation, leading to low fidelity of the obtained pattern. We should also emphasize that the remote degradation phenomena ͓Fig. 2͑c͔͒ depend not only on humidity but also on wavelength, as short wavelengths may enhance the rate by which active gaseous species are formed. To this end we moved from the use of 254 nm line 10 to the 365 nm line, which resulted in by far sharper patterns. Figure 3 presents the current-voltage characteristics of a FET with a channel length of 8 m fabricated using the process described above. The inset in Fig. 3͑b͒ square root of the drain source current for V DS = −8 V. The linear fit shows a threshold voltage of approximately Ϫ1 V ͑typical values were in the range from Ϫ1 to Ϫ2 V͒. It also shows a small bump close to V G = 0, which is a characteristic signature of leakage current. For P3HT devices it is common to assign this to residual doping, however, in the present case the nonideal insulation of TiO 2 also contributed to the effect. Another indication of the FET performance would be the extracted mobility. As the mobility is expected to be gate bias dependent, it is essential not to employ the commonly used formula based on derivation with respect to the gate bias; hence, we used the FET current equation in the linear regime V DS = −2 V. It was found that, between V GS = −4 and Ϫ20 V, the mobility gradually increased from 1 ϫ 10 −3 to 2 ϫ 10 −3 cm 2 / V s and we assigned this to the charge density dependence of the mobility, 15, 16 which is common for disordered amorphous materials.
To conclude, the ability of photopatterned SAM to selflocalize TFT patterns with micron scale resolution was studied and found to produce micron scale features. To avoid the need for new material design, we introduced and optimized a process for patterning SAMs based on the TiO 2 photocatalytic effect. The optimization included humidity level, exposure time, and temperature. When the process was optimized for the 8 and 16 m length channels, the yield of those channels was about 80% and considerably smaller for the 2 m length channels. Photopatterning of SAMs utilizes the advantages of photolithography such as resolution and largescale patterning and may prove highly valuable for roll to roll fabrication. P3HT based FETs with source and drain electrodes fabricated using such process were demonstrated.
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